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2 XY = chelator, Z = monodentate ligand) organometallic complexes. In blood serum these compounds may undergo various biotransformation reactions. As the histidyl residue of peptides possesses a very efficient, either "far" or "τ" (N1) as well as "near" or "π" (N3) nitrogen donor (see Scheme 1) in its side chain imidazole ring [1], surface-accessible histidyl imidazoles of albumin and transferrin (e.g. 38 histidyl residues available in apo-Tf) are important metal ion sites. It is widely accepted that these proteins have determining role in the uptake of platinum compounds therefore these interactions will determine the overall drug distribution and excretion and differences in efficacy, activity and toxicity [2] . Studies, therefore, involving the binding of imidazole, histidine or histidyl side chains to various metal ions are in the focus of intensive research [3] [4] [5] [6] [7] [8] [9] . Scheme 1.
Ruthenium compounds as a possible alternative to anticancer platinum complexes often selectively coordinate histidyl imidazole nitrogens on proteins and the N7 site on the imidazole ring of purine nucleotides, and so can take advantage of the properties of proteins, oligonucleotides and nucleic acids to target specific tissues [10, 11] . As expected on the basis of the relative pK a of the ligands, ruthenium binding to imidazoles on protein surfaces is greater than to guanine N7 on DNA [1] . Such interactions could be responsible for drug inactivation (related to resistance) or activation (e.g. in the case of prodrugs) and drug delivery.
For a better understanding of the interaction between organometallic, half-sandwich type platinum metals and surface-accessible histidyl imidazoles of peptides in serum, previously the [(η 6 -p-cym)Ru(H 2 O) 3 ] 2+ binding strength of N-methylimidazole was studied [12] . In particular, by the combined use of potentiometry, NMR and mass spectrometry (MS) we have shown that even this simple model ligand forms complexes with high stability with [(η 6 -p-cym)Ru(H 2 O) 3 ] 2+ and can hinder its hydrolysis under physiologically relevant conditions at 1:3 metal ion to ligand ratio [12] .
Due to tautomerization in the imidazole ring of the histidyl side chain both the N1 and N3 nitrogen donors can coordinate to the metal ions; under special conditions imidazolatobridged dinuclear complexes can also be obtained [13, 14] . In reactions of palladium(II) with histidyl peptides having free N-terminus, imidazole N3 coordination is preferred due to the [NH 2 , N3 Im ] "histamine-type" binding of the ligands [14, 15] . On the contrary, previously reported oligopeptides with protected N-terminus (Ac-HAAAH-NH 2 2+ , resulting in 20-22-membered macrocycles [16] [17] [18] . Using 13 C NMR spectroscopy for assignment, the differences between δ C for each imidazole-C atoms (C2, C4 and C5) of the complexed and those of the free peptide assisted in identifying the structure of each possible isomers [19] . To simplify the chemistry, the number of linkage isomers was reduced by using N3-methylated histidines too, leaving only N1 for binding. It was shown by 13 C NMR that N1 coordination of both of the His residues resulted in negative ∆δ for C4 and positive ∆δ values for the C5 atoms [16] [17] [18] [19] .
In continuation of our work, further studies on the interaction between [(η 6 -p-
2+ and model peptides containing histidyl residues in various positions were undertaken. His-rich peptides e.g. HRP2 may be important targets for the development of novel antimalarial tests while histidine triad proteins (HIT) containing highly conserved HXHXH sequence by binding purine mono-nucleotides are shown to be involved in proapoptotic tumor suppression [20, 21] . In the present work we report on the synthesis and results obtained with the ruthenium(II) complexes of terminally protected peptides containing three histidyl residues in different sequences (Ac-HHH-NH 2 , Ac-HAHH-NH 2 , Ac-HAHAH-NH 2 and Ac-H*AH*AH*-NH 2 , where H* = N3-methyl-L-histidyl, Fig. 1 ). Beside the detailed equilibrium study carried out by the combined use of pH-potentiometric, NMR, CD and ESI-MS techniques in aqueous solution, DFT methods were also used to calculate the optimized structures and the most stable isomers of the complexes formed at physiological pH. To model the biologically more relevant conditions the studies were also extended to a medium containing 0.20 M KCl ionic strength. 
Materials and methods

Chemicals
RuCl 3 ·xH 2 O, α-terpinene, AgCF 3 SO 3 , AgNO 3 , KNO 3 and KCl were commercial products of the highest purity available (Sigma-Aldrich, Merck or VWR), and used as received. Solvents were dried and distilled according to standard methods [22] . [24] . The N-and C-terminally protected M A N U S C R I P T A C C E P T E D was 180 °C. The pressure of the nebulizing gas (N 2 ) was 0.3 bar. The flow rate was 3 µL/min.
The spectra were accumulated and recorded by a digitalizer at a sampling rate of 2 GHz.
DataAnalysis (version 3.4) was used for the calculation.
[ 
pH-potentiometry
For solution studies doubly deionised and ultra-filtered water was obtained from a Carbonate-free KOH solutions of known concentrations (ca. 0.2 M) were used as titrant.
HNO 3 or HCl stock solutions (ca. 0.2 M) were prepared from concentrated nitric or hydrochloric acids, respectively, and the exact concentrations were determined by potentiometric titrations using the Gran's method [25] . A Mettler Toledo T50 titrator equipped with a Metrohm double junction electrode (type 6.0255.100) or a combined glass electrode (type 6.0234.100) was used for the pH-metric measurements. The electrode system was calibrated according to Irving et al. [26] , the pH-metric readings could therefore be converted into hydrogen ion concentrations. The water ionization constant, pK w , was 13.76 ± 0.01. 
were calculated with the aid of the SUPERQUAD and PSEQUAD computer programs [27, 28] 
Spectroscopic measurements
A JASCO J-810 spectropolarimeter was used to record the CD spectra of the complexes in the wavelength range of 200 to 800 nm using a 10 mm cell. Individual Rucontaining samples at c Ru = 1.0 mM were equilibrated in H 2 O for 7 days before measurements.
The NMR spectra ( 1 H, 13 
Density functional theory (DFT) calculations
Geometries were fully optimized by DFT using the Gaussian 09 (revision C.01)
software [31] . According to previous studies [32, 33] the functional B3P86 was used which ensures a high degree of accuracy in the prediction of the structures of transition metal complexes [34] . The relativistic small-core ECPs SDD (the Stuttgart-Dresden ECP) [35] and LANL2DZ [36] with the corresponding valence basis sets were employed on the ruthenium, Table 2 . pH-dependence of the aromatic region of 1 H NMR spectra of equilibrated samples containing 1:1 metal ion to ligand ratio for the HAHAH system are presented in Fig. 3 . As it can be seen in Fig. 3 (Fig. 4) , 1 H-13 C HSQC (Fig. 5 ) and 1 H-1 H NOESY (Fig. S5 ) experiments were carried out. As it is seen in Fig. 3 , above pH 7. Furthermore, the fact that even above pH 11 in both systems a significant amount of the metal ion can be found in complexed form may also suggest that hydrolysis can be ruled out. In order to obtain more information CD spectroscopy and ESI-MS techniques were also applied.
Selected CD spectra aquired in the range 2.2 < pH < 7. Above pH 8.3, however, the aquired spectra for these two systems are rather different ( Fig.   6 /B) indicating significant change in the structure of the corresponding metal complexes with the two peptides. While for the HAHH on increasing the pH an increase of the intensity of the band at 385 nm can be seen for HAHAH decrease and a parallel hypsochromic shift is observable ( Fig. 6/B ). To provide further proof on the composition of the complexes, mass spectrometry was also used. The m/z values of the major species present in solution at various pH values are summarized in Table 3 . All the detected ions in Table 3 were also simulated and an excellent (Table 3 ) are detected. Table 3 Fig. 7 Since the imidazole side chain of the His residue can in principle coordinate to a given metal ion at elevated pH via both of the N1 and N3 donors (due to tautomerization) it was also
interesting to study what is the donor atom preference for these half-sandwich type Ru(II)
complexes. Inspired by literature data on the 13 C NMR behaviour of the square planar binding M A N U S C R I P T
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isomers in the Pd(II)-Ac-HAAAH-NH 2 system [19] we have also undertaken the 13 2+ complexes in these systems were calculated. As it is also indicated in Fig. 9 , the positive ∆δ for the C5 and the negative ∆δ In order to obtain further proof on this binding mode a model pentapeptide, Ac-H*AH*AH*-NH 2 with three N3-methylated His units was also synthesized and its binding to
2+ was studied. MS results were consistent again with the formation of Furthermore, based on the 13 C NMR data, the calculated ∆δ values showed an identical trend in their sign as for the non-methylated oligopeptides, HAHH and HAHAH (Fig. 9) , providing thus clear evidence for the identical (N1, N1, N1) coordination mode.
DFT results
Over the last years, DFT methods were used with good results to calculate the relative stability of several metal complexes (see Section 2.3). In this study, the solvent (H 2 O) effect was simulated using the SMD model, based on the quantum mechanical charge density of a solute molecule interacting with a continuum description of the solvent; this model has been demonstrated to give good results in the prediction of solvation free energy [37] . In particular, two the conformers of ML (L = Ac-HAHAH-NH 2 indicated with ML 1 and ML 2 , with a different orientation of the isopropyl and methyl substituents on benzene) [49] and two coordinations of His residues (through N1 and N3 nitrogen donors) were examined: ML 1 (N1), ML 1 (N3), ML 2 (N1) and ML 2 (N3), see Fig. S6 .
The geometry of the four species was optimized considering the relativistic effects due to the presence of a heavy atom such as Ru. The most popular approximation to account for these effects is the pseudo-potential or effective core potential (ECP) approach, where the innermost electrons are not treated explicitly but subsumed into a specially designed, mean M A N U S C R I P T
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13 potential acting upon the outer electrons. Recently, this approximation was used to predict the geometry of the complexes formed by second-row transition-metal ions [32, [50] [51] [52] ; it has been shown that the use of ECP with the valence basis sets SDD (the Stuttgart-Dresden ECP) [35] and LANL2DZ [36] on the metal gives good results in the geometry optimisation [32, [50] [51] [52] . Among the functionals, hybrid ones are shown to be superior to GGAs and meta-GGAs, and B3P86 is highly recommended [50] .
The relative stability of the four species was determined in terms of the value of ∆G tot aq for the reactions (1)- (3):
The value of ∆G tot aq can be separated into three parts: the electronic plus nuclear repulsion energy (∆E ele ), the thermal contribution (∆G therm ) and the solvation free energy (∆(∆G solv )), as given in eq. (4). The thermal contribution was estimated using the ideal gas model and the calculated harmonic vibrational frequencies to determine the correction due to zero point energy (ZPE) and to thermal population of the vibrational levels:
The Gibbs free energy in the gas phase (∆G tot gas ), instead, can be found by neglecting the term (∆(∆G solv )):
DFT methods indicate that the two conformers with coordination of N1, ML 1 (N1) and ML 2 (N1), are the most stable. The difference of free energy is very small, 5.7 kJ/mol. In contrast, the isomer with Ru binding by N3 donor, ML(N3), is significantly less stable, and almost 240 kJ/mol separates it from ML(N1). An examination of the data in Table 4 indicates that the value of ∆G tot gas (in the range 325-330 kJ/mol) favours ML(N1) over ML(N3); the more favorable ∆G solv for ML(N3) (89-93 kJ/mol) is not enough to compensate the value of ∆G tot gas .
The reason of this result resides in a higher intrinsic stability of ML(N1) than ML(N3).
The coordination of N1 results in a more relaxed structure with an optimal value of the Ru-N distances, Ct-Ru-N and N-Ru-N angles, where Ct is centroid of the arene ligand (Table 5) .
The optimized structures of the most stable conformers of ML(N1) (Fig. 10) and ML(N3) are shown in Fig. S7 .
Fig. 10
Similar DFT calculations were also carried out on the ML complex with Ac-HAHH-NH 2 . Since for the pentapeptide a very small energy difference for ML 1 and ML 2 (regarding the position of the isopropyl and methyl groups of the benzene ring to the coordinating ligand)
was found with the tetrapeptide only the N1 vs. N3 coordination of the imidazoles of the ligand was studied. Considering eq. (2), the results in Table 4 clearly support the preference of N1 coordination of this ligand too in the optimized structure. The calculated bond lengths and angles for both systems are summarized in Table 5 . Table 4 Table 5
Conclusions
Results of this study indicate that terminally protected oligopeptides containing three histidyl M A N U S C R I P T 
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